Abbreviations: ENOL, enolase [EC 4.2.1.11]; F6P, fructose-6-phosphate; FBP, fructose-1,6-bisphosphate; GK, glucokinase [EC 2.7.1.2]; G6P, glucose-6-phosphate; G6PD, glucose-6-phosphate dehydrogenase [EC 1.1.1.49]; OPPP, oxidative pentose phosphate pathway; PEP, phosphoenolpyruvate; PEPC, phosphoenolpyruvate carboxylase [EC 4.1.1.31]; PFK, ATP-dependent phosphofructokinase [EC 2.7.1.11]; PFK-A and PFK-B, allosteric and non-allosteric isozymes of ATP-dependent phosphofructokinase, respectively; 6PGD, 6-phosphogluconate dehydrogenase [EC 1.1.1.44]; PGI, phosphoglucose isomerase [EC 5.3.1.9] ; PK, pyruvate kinase [EC 2.7.1.40]; PK-A and PK-F, AMP-and fructose-1,6-bisphosphate-activated pyruvate kinase isozymes, respectively.
Cyanobacteria make a substantial contribution to global CO 2 assimilation, O 2 recycling and N 2 -fixation, and are becoming important targets for biotechnology. These photosynthetic microbes are also believed to be the evolutionary precursors of green algal and vascular plant plastids. In nature, most cyanobacteria face a regular cycle of light and dark. In order to meet the energy demands for maintenance and growth, they must resort to heterotrophic dark energy generation. While cyanobacterial oxygenic photosynthesis and its related metabolism have been extensively characterized, our knowledge of dark carbon metabolism and its control in cyanobacteria is comparatively sparse. In most species, glycogen accumulated during the day serves as the predominant metabolic fuel at night. Glucose residues derived from glycogen are catabolized via the oxidative pentose-phosphate pathway (OPPP), glycolysis, and an incomplete tricarboxylic acid cycle, leading to the production of ATP and C-skeletons needed as anabolic precursors ( Fig. 1 ) (Stal and Moezelaar 1997) .
Synechocystis sp. strain PCC 6803 is a useful model species because it is capable of photoautotrophic, photoheterotrophic (mixotrophic), or heterotrophic growth in glucosesupplemented media (Anderson and McIntosh 1991) , is amenable to the powerful tools of bacterial genetics such as chromosomal and plasmid transformation, and its entire genome sequence is available from Cyanobase (http://www.kazusa.or.jp/ cyano/cyano.html). Gene expression and metabolic fluxes in photoautotrophic, mixotrophic, and heterotrophic cultures of Synechocystis PCC 6803 were recently analyzed (Yang et al. 2002) . Although levels of mRNA transcripts encoding various key enzymes of central carbon metabolism were not significantly influenced by nutritional mode, flux through the OPPP and glycolytic pathways was markedly stimulated in heterotrophic cultures of Synechocystis PCC 6803 (Yang et al. 2002) . However, little is known about the biochemical properties of many key enzymes of the carbohydrate catabolizing pathways of cyanobacteria including Synechocystis PCC 6803.
Genome sequencing projects have led to large-scale attempts to catalogue the function associated with every gene. However, the presence of a gene sequence does not necessarily imply that the corresponding predicted enzyme is actually functional. This may be due to the presence of non-active remnant genes, evolutionary pressures leading to loss of function, inactivating mutations, the lack of transcription/translation, and post-translational processing (Cordwell 1999) . The availability of solid biochemical evidence therefore becomes crucial when attempting to reconstruct metabolic pathways for fully sequenced genomes. Although all putative genes for complete glycolytic and OPPP pathways are present in Synechocystis PCC 6803 (Dandekar et al. 1999 ), the only glycolytic or OPPP enzyme characterized to date in this species appears to be NAD(P) + -dependent glyceraldehyde-3-P dehydrogenase (Valverde et al. 1997 , Koksharova et al. 1998 ).
In the current study, the activities of eight key enzymes that are unique to the OPPP and/or glycolytic pathways were determined in clarified extracts of Synechocystis PCC 6803 cultured under photoautotrophic, mixotrophic, and heterotrophic conditions. Activities were determined for glucokinase (GK), glucose-6-phosphate (G6P) dehydrogenase (G6PD), 6-phosphogluconate dehydrogenase (6PGD), phosphoglucose isomerase (PGI), phosphofructokinase (PFK), enolase (ENOL), pyruvate kinase (PK), and phosphoenolpyruvate (PEP) carboxylase (PEPC). Of these enzymes, only G6PD (Scanlan et al. 1992 and references cited therein), PK (Knowles et al. 2001) , and PEPC (Owttrim and Colman 1986, Chen et al. 2002 ) from other cyanobacterial species have been characterized in any detail. In addition, the genome sequences of Synechocystis PCC 6803 and Anabaena PCC 7120 allowed us to compare the respective predicted physical properties for each of the eight enzymes investigated here. Fig. 1 A scheme depicting predicted glycolytic, OPPP, and incomplete tricarboxylic acid cycle pathways of Synechocystis sp. PCC 6803. Key enzymes of hexose, hexose-monophosphate, and PEP metabolism that are unique to the OPPP and/or glycolysis that were examined in the present study are indicated in boxes. Abbreviations are as defined in the text or as follows: DHAP, dihydroxyacetone-P; G3P, glyceraldehyde-3-P; OAA, oxaloacetate; 2-OG, 2-oxoglutarate; 2-PGA, 2-P-glycerate; Rib, ribose. A Phototrophic significantly different than heterotrophic, P <0.05.
B Mixotrophic significantly different than heterotrophic, P <0.05.
The growth rate of heterotrophic cultures of Synechocystis PCC 6803 was considerably lower than that obtained for mixotrophic or photoautotrophic cultures (Fig. 2) . Maximal culture density was achieved during mixotrophic growth. Similar growth profiles for Synechocystis PCC 6803 were reported by Anderson and McIntosh (1991) . Since enzyme activity may vary drastically with changes in culture age and density (Karagouni and Slater 1979) , the difference in growth rates between the different trophic cultures was taken into account when harvesting cells for enzyme studies.
All OPPP and glycolytic enzymes assayed were active in cell free extracts of Synechocystis PCC 6803. Enzyme activity was largely unaffected by nutritional mode, with the exception of glucokinase and PK whose respective activities were about 200 and 300% greater in heterotrophic relative to photoautotrophic cultures (Fig. 3) . Desalting of clarified extracts did not alter the activities reported in Fig. 3 (results not shown). The activities of G6PD and 6PGD were both NADP-dependent, as no activity for either enzyme was detected when NADP + was replaced by NAD + . Pelroy et al. (1972) reported no major difference in the respective activities of G6PD, 6PGD, and PFK in cell free extracts prepared from photoautotrophic cultures of Synechocystis sp. PCC 6714, Synechocystis sp. PCC 6803, and Synechococcus sp. PCC 6301. In each instance, however, PFK activity was barely detectable relative to G6PD and 6PGD. This led to the idea that PFK is unimportant in cyanobacterial carbohydrate metabolism, and that the OPPP is the only route of glucose dissimilation of quantitative significance (Pelroy et al. 1972) . It later became apparent that inclusion of PFK's substrate, fructose-6-phosphate (F6P), in the extraction buffer may be necessary for stabilizing cyanobacterial PFK activity in vitro (Stal and Moezelaar 1997) . In the present study, the PFK activities determined in clarified extracts of Synechocystis PCC 6803 (Fig. 3) were several orders of magnitude greater than that reported by Pelroy et al. (1972) . This indicates that the enzymatic machinery is in place in this cyanobacterium to allow the metabolism of glucose to triose-phosphate via the OPPP or upper portion of glycolysis.
The respective activities reported for G6PD and 6PGD in Synechocystis sp. PCC 6714 and Chlorogloea fritschii were very different between the two species (Joset-Espardellier et al. 1978) , and the corresponding activities reported here for Synechocystis sp. lie midway between them (Fig. 3) . The variations observed for a given enzyme activity between different cyanobacterial species illustrates the importance of studying individ- In silico comparison of annotated genomes from Synechocystis PCC 6803 and Anabaena PCC 7120 revealed that there is generally a significant degree of similarity between the deduced primary structures for each respective enzyme studied here (Table 1) . In cases where a single gene encodes each enzyme, the interspecies identity in amino acid sequence is between 57 and 76%. Likewise, the respective predicted protein size, extinction coefficient at 280 nm, and isoelectric point for each enzyme are relatively similar (Table 1) .
Most of the Synechocystis PCC 6803 genome annotation is based on sequence similarities of predicted proteins to known proteins from other species. As a result, many genes with limited sequence similarities were given the same name, even if overall sequence similarities do not justify predicting identical gene functions. In many cases it is known that paralogous genes can function differently. For example, of the two glyceraldehyde-3-P dehydrogenase homologs in Synechocystis PCC 6803, only gap2 is expressed under most conditions (Valverde et al. 1997) . The genomes of Synechocystis and Anabaena each contain two predicted genes encoding PFK and PK (Table 1 ). Both sets of putative PFK and PK genes in Synechocystis PCC 6803 possess significantly different predicted expression levels based on codon frequencies (Mrázek et al. 2001) . BLAST analyses indicated that the identity between the deduced primary structures of the two predicted PFKs and PKs from Synechocystis PCC 6803 is only 37% and 43%, respectively. Likewise, the two putative PFKs and PKs from Anabaena PCC 7120 are only 42% and 41% identical, respectively.
Two kinetically distinct PFK isozymes have been purified and characterized from non-photosynthetic bacteria: the allosteric PFK-A (or PFK-I) which displays sigmoidal F6P saturation kinetics and is activated by AMP and inhibited by PEP, and the non-allosteric PFK-B (or PFK II) which follows Michaelis-Menten F6P saturation kinetics (Hofmann 1976) . Although it has been suggested that both putative PFK genes of Synechocystis PCC 6803 are from the PFK-A family (allosterically regulated) (Dandekar et al. 1999 ), our biochemical analyses indicate otherwise. Several metabolites known to allosterically activate or inhibit bacterial PFK-A were tested as possible effectors of Synechocystis PCC 6803 PFK with subsaturating concentrations of F6P and ATP (0.25 mM each). The following compounds exerted no influence (±10% control velocity) on the PFK activity in desalted extracts of Synechocystis PCC 6803 cultured under the three nutritional regimes: PEP, AMP, citrate (5 mM each). No PFK activity was obtained when ATP was replaced by 1 mM PP i or 2.5 mM ADP. The data indicate that photoautotrophic, mixotrophic or heterotrophic cultures of Synechocystis PCC 6803 uniformly express an ATP-dependent non-allosteric PFK resembling the PFK-B from Escherichia coli and the hyperthermophilic archaeon Desulfurococcus amylolyticus (Hansen and Schönheit 2000, Hofmann 1976) . A marked increase in glycolytic flux has been reported to occur in heterotrophic versus mixotrophic cultures of Synechocystis PCC 6803, whereas PFK transcript abundance (Yang et al. 2002) and activity ( Fig. 3 ) remain unchanged. As discussed below, the data imply that the marked enhancement in glycolytic flux that is characteristic of heterotrophic Synechocystis PCC 6803 may largely arise from the increased expression and allosteric activation of PK.
Two types of allosteric PKs occur in E. coli and Salmonella typhimurium (Malcovati and Valentini 1982, Garcia-Olalla and Garrido-Petierra 1987) . In E. coli, PK-F is inducible and activated by fructose-1,6-bisphosphate (FBP), whereas the PK-A is constitutive and activated by hexose monophosphates, ribose-5-P (R5P), and AMP (Malcovati and Valentini 1982) . By contrast, only PK-A appears to be expressed in Bacillus stearothermophilus (Sakai et al. 1986 ). It has been suggested that both putative PK genes of Synechocystis PCC 6803 (Table 1) are from the PK-F family (FBP activated) (Dandekar et al. 1999) . A single PK from Synechococcus sp. PCC 6301 was recently purified to homogeneity and extensively characterized (Knowles et al. 2001 ). This PK clearly corresponds to PK-A (activated by G6P, R5P, and AMP; inhibited by FBP) and exists as a 280 kDa homotetramer composed of 66 kDa subunits. It is immunologically related to B. stearothermophilus PK-A and a green algal chloroplast PK, but not to rabbit muscle PK, or vascular plant cytosolic or plastidic PK isozymes. The N-terminal sequence of PK-A from Synechococcus PCC 6301 showed maximal (70%) similarity with the corresponding region of a putative PK from Synechocystis PCC 6803 (encoded by sll1275; see Table 1 ) (Knowles et al. 2001) . Immunoblots of extracts prepared from photoautotropic, mixotrophic, or heterotrophic Synechocystis PCC 6803 revealed a single anti-(Synechococcus PK-A)-immune serum cross-reactive 66 kDa polypeptide that co-migrated with homogeneous PK-A from Synechococcus PCC 6301 (Fig. 4) . This 66 kDa polypeptide is very close to the predicted M r of 63 kDa for the putative Synechocystis PCC 6803 PK encoded by sll1275 (Table 1) . Laser   Fig. 4 Immunoblot analysis of PK from Synechocystis sp. PCC 6803. Proteins were subjected to SDS-PAGE [7.5% (w/v) separating gel], electroblotted onto a poly(vinylidene diflouride) membrane, and probed with anti-(Synechococcus sp. PCC 6301 PK-A)-immune serum as in Knowles et al. (2001) . Antigenic polypeptides were visualized using an alkaline phosphatase-tagged secondary antibody and a chromogenic substrate. Lanes 1, 2, and 3 respectively contain 10 mg of protein from a clarified extract of photoautotrophic, mixotrophic, and heterotrophic cultures of Synechocystis sp. PCC 6803. Lane 4 contains 1 ng of homogeneous PK-A from Synechococcus sp. PCC 6301 (Knowles et al. 2001) . Relative amounts of antigenic polypeptide in lanes 1 to 3 were determined via laser densitometry. Values represent the average of two different extracts.
densitometric quantification of the immunoblots revealed that the heterotrophically cultured cells contained approximately 2.7-fold more of the immunoreactive 66 kDa polypeptide, relative to extracts from the photoautotrophic, or mixotrophic cells. Thus, the immunoblots revealed a good correlation between extractable PK activity ( Fig. 3) and the relative amount of the immunoreactive PK-A polypeptide (Fig. 4) .
As noted for homogeneous PK-A from Synechococcus PCC 6301 (Knowles et al. 2001) , the PK activity of desalted extracts from photoautotrophic, mixotrophic or heterotrophic cultures of Synechocystis PCC 6803 was independent of added K + . In contrast, the activity of eukaryotic PKs, including green algal and vascular plant cytosolic and plastid PK isozymes, is absolutely dependent upon the presence of both a monovalent and divalent metal cation cofactor (as cited in Knowles et al. 2001) . Several well-characterized allosteric activators (i.e. G6P, F6P, R5P, and AMP) of Synechococcus PK-A (Knowles et al. 2001) were tested as possible effectors of Synechocystis PCC 6803 PK using subsaturating (0.4 mM) PEP. These metabolites respectively elicited a very similar activation of PK in desalted extracts from photoautotrophic, mixotrophic or heterotrophic cultures of Synechocystis PCC 6803 ( Table 2) . By contrast, 5 mM FBP had a negligible effect on the PK activity of Synechocystis PCC 6803, irrespective of nutritional mode. Our collective immunoblot and kinetic analyses indicate that Synechocystis PCC 6803 only expresses a single type of K + -independent PK-A, and that this PK-A is probably encoded by sll1275. Moreover, the increased PK-A expression (Fig. 3, 4) , combined with the allosteric activation of PK-A by effectors such as G6P, R5P, and AMP, may provide an important contribution to the marked enhancement in glycolytic flux that is characteristic of heterotrophically cultured Synechocystis PCC 6803 (Yang et al. 2002) .
In conclusion, although the analysis of microbial genomes allows potential metabolic pathways to be constructed in silico (Dandekar et al. 1999) , such annotations may be erroneous and thus remain predictions until genomic data is confirmed by biochemical assays (Cordwell 1999) . In contrast to genome predictions (Table 1) (Dandekar et al. 1999) , our biochemical evidence suggests that irrespective of nutritional mode, only a PFK-B and PK-A is expressed by Synechocystis sp. PCC 6803. Overall, the enzyme analyses reported here combined with the wealth of information which can be mined from the Synechocystis sp. PCC 6803 genome indicate this species as an excellent source for the future purification and characterization of key cyanobacterial OPPP and glycolytic enzymes.
A glucose-tolerant strain of Synechocystis sp. PCC 6803 was kindly provided by Prof. George Espie (University of Toronto) and batch cultured in BG-11 medium containing 12 mM HEPES-KOH (pH 7.4). Cultures monitored for growth and used for enzyme extraction were inoculated from exponential-phase cultures pre-grown for at least five subcultures on an orbital shaker under photoautotrophic or mixotrophic conditions. Mixotrophic cells were used to inoculate cultures for heterotrophic growth. Cells were cultured in 1-liter flasks bubbled with air (atmospheric CO 2 ) at 28°C. Photoautotrophic and mixotrophic cells were cultured under 50 mE photons m -2 s -1 , while heterotrophic cells were exposed to nonphotosynthetically activating dim light (less than 1 mE photons m -2 s -1 ) (Anderson and McIntosh 1991) . Media for mixotrophic and heterotrophic cultures was supplemented with 0.1% (w/v) (5.5 mM) filter-sterilized glucose. Culture density was monitored by measuring their OD 730 .
Mid-late exponential phase cells from at least three independent cultures from each growth regime were harvested by centrifugation at 15,000´g at 4°C. Pellets were resuspended in 10 volumes of buffer A [50 mM HEPES-KOH, pH 7.5, 1 mM EGTA, 1 mM EDTA, 5 mM MgCl 2 , 20 mM NaF, 25 mM KCl, 15% (v/v) glycerol, and 0.1% (v/v) Triton X-100], and centrifuged as above. Cell pellets were frozen in liquid N 2 and stored at -80°C.
Quick-frozen cells (1 g) were thawed in two volumes of buffer A containing 1 mM dithiothreitol, 2 mM phenylmethylsulfonyl fluoride, 10 mM thiourea, 2 mM F6P and 2 mM PEP, and lysed by two passages through a French press at 18,000 psi. Extracts were clarified by centrifugation at 35,000´g for 10 min. Where indicated, extracts were desalted on a 5 ml Hi-Trap Sephadex G-50 column pre-equilibrated in extraction buffer in which NaCl and NaOH were substituted for KCl and KOH. Assays were conducted using desalted clarified extracts and a subsaturating concentration of PEP (0.5 mM) at pH 7.0. Enzymatic activity in the presence of effectors is expressed relative to the respective control set at 100%. All values represent means of at least four independent determinations and are reproducible to within ±10% (SE) of the mean value.
Metabolite
Concentration ( Enzyme activities were measured at 25°C using a Dynatech MR-5000 microplate reader and a final volume of 0.2 ml for each reaction mixture (Knowles et al. 2001) . Coupling enzymes were desalted before use. Assays were: (i) optimized with respect pH and substrate(s), (ii) linear with respect to time and concentration of enzyme assayed, and (iii) corrected for background activities by performing parallel assays in which a substrate was omitted. One unit of activity is defined as the amount of enzyme resulting in the utilization of 1 mmol substrate min -1 . With the exception of PK, all assays contained 50 mM HEPES-KOH (pH 8.0), 1 mM dithiothreitol, and 10 mM MgCl 2 . The standard assay mixtures were as follows: G6PD -0.4 mM NADP + and 5 mM G6P; 6PGD -0.4 mM NADP + and 5 mM 6-P-gluconate; GK -2.5 mM glucose, 5 mM ATP, 0.5 mM NAD + and 5 units ml -1 Leuconostoc mesenteroides G6PD; PGI -1.7 mM NAD + , 2 mM F6P and 5 units ml -1 G6PD; PFK -0.15 mM NADH, 2 mM F6P, 2.5 mM ATP, 1 unit ml -1 aldolase, 10 units ml -1 triose phosphate isomerase and 1 unit ml -1 glycerophosphate dehydrogenase; ENOL -0.15 mM NADH, 3 mM ADP, 3 mM 2-phosphoglycerate, 5 units ml -1 PK and 6 units ml -1 lactate dehydrogenase; PK -50 mM HEPES-NaOH (pH 7.0), 30 mM MgCl 2 , 0.15 mM NADH, 2.5 mM PEP, 1 mM ADP and 2 units ml -1 lactate dehydrogenase; PEPC -0.15 mM NADH, 10 mM KHCO 3 , 4 mM PEP and 10 units ml -1 malate dehydrogenase. Protein concentration determination and immunoblotting using rabbit anti-(Synechococcus PCC 6301 PK-A) immune serum was performed as previously described (Knowles et al. 2001) . The relative amount of PK-A polypeptide in clarified Synechocystis PCC 6803 extracts was determined by quantification of the antigenic 66 kDa PK-A subunit on immunoblots (in terms of A 633 ) using an LKB Ultroscan XL laser densitometer and GEL SCAN software (version 2.1) (Pharmacia LKB Biotech). Derived A 633 values were linear with respect to the amount of the immunoblotted extract. Immunological specificities were confirmed by performing immunoblots in which rabbit preimmune serum was substituted for the anti-(Synechococcus PCC 6301 PK-A) immune serum.
Statistical analysis was conducted using ANOVA and Tukey's test.
To obtain a better overview of cyanobacterial OPPP and glycolytic enzymes, the biochemical analysis was extended using various genome databases and sequence searches (CYANO-BASE, NCBI BLAST, DBGET, ExPASY, Protein General Sequence Analysis, and Peptide Properties calculator).
